Abstract Parietal neuronal populations have been found which respond bimodally to visual and somatosensory input regarding one's own limbs or even perceived haptic input of a false limb (Graziano et al., Science 290:1782-1785. Further, neuronal populations have been observed which respond preferentially to visual stimuli presented in spatial congruence with our hands (Graziano, Proc Natl Acad Sci USA 96: [10418][10419][10420][10421] 1999). In this study, we examined event-related potentials (ERPs) elicited by laser dots projected onto or above participants' index and middle fingers during a sustained-attention task. We hypothesized that visual stimuli projected onto the hand would elicit differences in ERP deflections related to sensory gating and categorization in comparison to when projected close to the hand. Participants responded via a footswitch to rare target flashes of light occurring on or directly above the middle finger of the attended hand. We found enhanced amplitudes of the N1 and P3 deflections when the stimuli fell onto the finger tips as opposed to above them. Furthermore, the N1 for unattended stimuli was less suppressed when the lasers were projected onto the fingers. Behaviorally, participants were less accurate to targets when the lasers fell onto the fingers. We conclude that when the lasers appear to ''touch'' the participants, they act to automatically draw participants' attention. Thus visual stimuli projected onto the fingers of the 'unattended' hand are harder to filter out, leading to decreases in accuracy during task performance.
Introduction
The development of a body schema, the concept of how one's body relates to external space, is necessary for interacting with our environment through the planning and executing of actions. The integration of multiple sensory representations of body position is critical for the formation of body schema (Maravita and Iriki 2004) . Various mechanisms for this sensory integration of proprioceptive information exist. Graziano et al. (2000) observed maximal response patterns by neurons of monkeys in parietal area 5 to both the realistic visual position of a fake limb and to somatosensory information regarding the position of their real limbs. These findings emphasize the existence of parietal cells which preferentially encode visual spatial location and proprioceptive limb position in a bimodal fashion. Similar bimodal neurons have been reported in the premotor cortex and the putamen (Graziano et al. 1994; Fogassi et al. 1996; Duhamel et al. 1998) . Several studies have highlighted the discovery of neurons in the premotor cortex which respond preferentially to visual stimuli congruent with the hands (Graziano et al. 1994; Graziano and Gross 1997; Graziano 1999) . This is intuitive since our hands are the primary adaptive appendage we utilize during haptic exploration and interaction with the world.
In agreement with these neurophysiological findings, Spence et al. (1998) reported a cross-modal facilitation of tactile processing when visual events were presented spatially congruent with the location of tactile stimulation. Làdavas et al. (2000) observed that this effect was stronger when the visual stimulus was presented close to the stimulated hand and was much weaker when presented farther away from the hand. In relation to these findings, when participants are allowed to view their stimulated arm, a visual enhancement of tactile processing is often observed (Kennett et al. 2001; Taylor-Clarke et al. 2002) . In a systematic approach to studying this effect, Press et al. (2004) observed that this facilitation of tactile processing by the presence of a visual event only occurred under certain task conditions. When the tactile location discrimination task was easy to perform, then viewing the arm was a disadvantage to the participant's performance in discriminating between sources of tactile stimulation.
Whether advantageous or disadvantageous, there is a clear neural effect of visual input regarding the touch or even the illusion of touch on one's own limb. We wished to examine whether, during a demanding sustained attention paradigm, participants would demonstrate differential event-related potential (ERP) effects when ''touched'' on the tips of their fingers by a laser dot in comparison to the laser being shown directly above their fingers. We hypothesized that a flash of light projected onto the finger would be processed as a visual correlate to a tactile input although no true tactile input was presented. Alternately, a flash of light positioned in the immediate vicinity of the fingers would be processed as a visual-only input, with no tactile correlate inferred. In order to examine effects at discreet underlying processing stages for these two conditions, we recorded participants' event-related potentials (ERPs) while requiring them to respond via a footswitch to target flashes of light projected onto or above their finger tips.
Methods

Participants
Eighteen right-handed participants (10 male; mean age = 20.9 years) completed the experiment after giving informed consent. The experiment was approved by the North Dakota State University ethics committee.
Stimuli and Apparatus
Stimuli were four small, focused laser points projected onto the fingers from an adjustable frame positioned above a black desk at which participants were seated (see Fig. 1a ). The red lasers had a luminance of 100 cd/m 2 (600 nm wavelength) and produced no heat or other physical sensations when they touched the participants. Short bursts of light from the lasers were presented in a fast-paced, random sequence. Standard frequent stimuli were aligned with participants' index fingers in 100 ms bursts of light. Infrequent 'deviant' stimuli occurred 15% of the time and 
Experimental
Procedure
Participants were seated and had their electroencephalogram (EEG) recorded while they performed the experiment. They were instructed to look at a fixation cross on the desk with their hands stretched out in front of them (left/right 45°) (see Fig. 1a ). Participants' hands were always visible. There were two experimental 'laser' conditions: during the 'On' condition, the laser dots were projected onto participants' index and middle finger tips. During the 'Off' condition, participants slid their hands slightly below the laser projections so the dots appeared approximately 2 cm above their finger tips on strips of white medical tape. Since distance of the visual stimulus to the limb does appear to have critical influence over visuo-somatic processing Farnè et al. 2000) , we attempted to control for distance by placing the light falling above the fingers as close to the fingers as possible while not casting any sort of reflection or halo upon them. Further, participants were encouraged to change their body and hand posture as little as possible when they slid their hands beneath the lasers so as to maintain approximate proprioceptive feedback between conditions while performing the task. Participants' fingers were also wrapped with medical tape so the reflective surfaces were equal between the conditions. Participants completed 16 blocks, 8 of each hand-condition. Blocks were 3.5 min each with a net recording time of 56 min in length. Participants were instructed to attend only to their left or right hand with attend-left or attendright blocks interleaved, and to ignore all stimuli occurring on or above their unattended hand. The participants' task was to respond to the infrequent deviant (i.e., 'target') stimulus occurring in alignment with the attended middle finger by pressing a footswitch. Participants were instructed to respond only to deviant stimuli aligned with the attended hand.
Behavioral Data Analysis
The percentage of correct target responses (hits) and mean reaction times (RTs) were calculated for target stimuli for each combination of laser condition (On, Off) and attended location (Left, Right). A response was associated with a preceding target if it occurred within 200-800 ms after its onset. A false alarm was defined as a response to any stimulus that was not a target. Analyses of variance (ANOVAs) were run with responses to the target stimuli as the dependent variable in order to examine potential differences in reaction times and accuracy using the withinsubject factors of laser condition (On, Off) and attended location (Left, Right).
ERP Recordings
The EEG recordings were taken using an Active Two Biosemi Electric System (http://www.biosemi.com; Biosemi, Amsterdam, the Netherlands) from 162 scalp locations. The EOG was recorded from six electrodes located at the outer canthi and above and beneath each eye. The EEG sampling frequency was 512 Hz with a pass-band from DC to 150 Hz. Impedances were kept below 5 kX. Data were processed using BESA 5.1.8 (Brain Electric Source Analysis, Gräfelfing, Germany) and visually inspected for blinks and eye-movements, after which automatic artifact rejection criteria of ±120 lV were applied from -100 to 600 ms post-stimulus onset. Remaining trials were averaged per condition with a baseline of -100 to 0 ms. For analysis and display purposes, data were filtered with a 0-phase-shift 35 Hz IV-order Bessel low-pass filter with a fall-off of 24 dB/octave.
ERP Analysis
ANOVAs were run comparing mean amplitudes within specified time windows centered to the peak deflections of interest and referenced to the 100 ms pre-stimulus baseline. Greenhouse-Geisser corrections were applied for violations of sphericity. Partial Eta squared values are reported as a measure of effect size. For the P1 (115-145 ms) and N1 (130-190 ms) latency ranges, mean ERP amplitudes of standard stimuli were subjected to within-subjects ANOVAs with the factors laser condition (On, Off), attention (Attended, Unattended), stimulus location (Left, Right), and electrode cluster (Left, Right). A P3 is typically only elicited for attended target stimuli. Therefore, we subjected the mean P3 peak amplitudes of attended target stimuli within the latency range of (350-450 ms) to a withinsubjects ANOVA with the factors laser condition (On, Off), target location (Left, Right), and electrode cluster (Left, Right). We also analyzed the amplitudes at the onset latency of the P3 due to apparent differences at the initiation of the P3 observed in the grand average. We determined the onset of the P3 deflection by taking the first significant sample as compared to baseline in a series of ten significant consecutive sample points showing directional monotonicity (for a review see Hansen and Hillyard 1980) . Finally, we observed that as the P3 was returning to baseline after reaching peak amplitude, there was a longstanding positivity that appeared to plateau differentially for the On and Off laser conditions with a return to baseline apparently more imminent for the Off condition. We examined this apparent difference in the long-standing plateau following the peak window of the deflection. Thus for the P3 onset (310-330) and late ongoing phase (450-520 ms), mean ERP amplitudes of attended target stimuli were subjected to within-subjects ANOVAs with the same factors as used for the peak analyses.
In order to determine which electrode sites to analyze, deflection topographies in the grand average were visually inspected and analyses were carried out on electrode sites where deflections were most prominent. For the P1 deflection, amplitudes were measured at parieto-occipital sites in two lateral clusters of eight electrodes each. The left cluster consisted of sites P03 to P07 and down to O1 and O3 in the 10-10 system; the right cluster consisted of sites P04 to P08 and down to O2 and O4. A prominently distributed N1 deflection was observed at extended lateral centro-parietal sites; the negative end of the N1 was analyzed at these sites. The N1 amplitudes were measured in two lateral clusters of 16 electrodes each: the left cluster consisted of sites FC4 to FC6 and down to CP4 and CP6; the right cluster consisted of sites FC3 to FC5 and down to CP3 and CP5. For the P3 deflection, amplitudes were measured at fronto-central sites in two lateral clusters of 12 electrodes each: the left cluster consisted of sites FC1 to FC3 and down to CP1 and CP3; the right cluster consisted of sites FC2 to FC4 and down to CP2 and CP4.
Results
Behavioral Data
We found a main effect of laser condition on accuracy: participants were less accurate for the 'On' laser condition (F[1,17] = 8.36; P = .01, h 2 = .33; On: M = 88.08%, SE = 1.64; Off: M = 82.05%, SE = 2.52) (see Fig. 1b ). There were no significant differences in accuracy for left versus right target locations (F[1,17] = .371; P = .55). There were no significant differences in RT for target location (F[1,17] = .036; P = .85) or laser condition (F[1,17] = .34; P = .57).
ERP Data
P1
There was a main effect of laser condition on the P1 amplitude (F[1,17] = 6; P = .025, h 2 = .26): the Off condition elicited a significantly larger P1 to standard stimuli than the On condition. We also found a main effect of attention (F[1,17] = 19.17; P = .0004, h 2 = .53) demonstrating the classic finding that attended stimuli elicit a larger P1 amplitude than unattended stimuli (Näätänen 1992) .
N1
There was a main effect of laser condition on the N1 amplitude (F[1,17] = 8.23; P = .01, h 2 = .33) such that the N1 was larger to standard stimuli for the On in comparison to the Off laser condition (see Fig. 2a ). There was a main effect of attention: attended stimuli elicited larger amplitudes than unattended stimuli (F[1,17] = 67.62; P = .0000003, h 2 = .79). We demonstrated the classic two-way interaction for stimulus location x cluster (F[1,17] = 53.56, P = .000001, h 2 = .76) with larger amplitudes at contralateral sites (Näätänen and Picton 1987) . Finally, there was a three-way interaction of laser condition 9 attention 9 stimulus location (F[1,17] = 8.48; P = .01, h 2 = .33). Follow-up tests (with an adjusted P-value of .0125) revealed that for unattended left standard stimuli, the N1 elicited during the On laser condition was significantly larger than during the Off laser condition (F[1,17] = 13.33, P = .002, h 2 = .44). There were no differences between On and Off laser conditions for unattended right standard stimuli (F[1,17] = 4.56, P = .048); between On and Off laser conditions for attended left standard stimuli (F[1,17] = 1.28, P = .273); or between On and Off laser conditions for attended right standard stimuli (F[1,17] = 5.01; P = .039). Visual inspection of the data indicates that the difference between the attended and unattended stimuli for the On condition was smaller than for the Off condition. Post hoc tests confirm that this effect was apparently modulated by location, suggesting that the attention effect was smallest for stimuli which appeared on the left hand as compared to on the right.
P3
Peak Analysis
We examined the extended peak latency of the P3 in order to clarify peak differences between laser conditions. We found a main effect of laser condition (F[1,17] = 6.54; P = .02, h 2 = .28) with larger amplitudes to targets in the On condition (see Figs. 2b and 3b) . There was also a main effect of cluster with P3 peaks being larger at left electrode sites than at the right cluster (F[1,17] = 7.2; P = .02, h 2 = .29). We demonstrated a two-way laser condition 9 location interaction (F[1,17] = 6.26; P = .023, h 2 = .27): apparently stimuli falling on the left hand were enhanced in comparison to all other conditions. Finally, we observed a two-way location 9 cluster interaction (F[1,17] = 21.85; P = .0002, h 2 = .56) suggesting that while left targets elicited equally enhanced peak amplitudes at left and right electrode sites, right targets elicited enhanced amplitudes at left sites and comparatively suppressed amplitudes at right sites.
Onset Analysis
We observed differences in the onset of the P3 between laser conditions. We found a main effect of laser condition (F[1,17] = 6.31; P = .02, h 2 = .27). At the onset of the P3, amplitudes were significantly larger for the On condition then when falling above the fingers (see Fig. 3a ). There was also a main effect of cluster (F[1,17] = 45.87; P = .00006, h 2 = .62) such that the P3 was larger at left electrode sites.
Termination Analysis
In order to examine differences between laser conditions during the P3 termination latency, we analyzed the termination for attended target stimuli. There was a main effect of laser condition demonstrating that for attended targets the amplitudes to the On condition were larger than to the Off condition (F[1,17] = 7.23; P = .01, h 2 = .29 (see Fig. 3c ). There was also a main effect of cluster (F[1,17] = 8.94; P = .01, h 2 = .34) such that the amplitudes were larger at the left electrode cluster as compared to the right.
Discussion
Our findings demonstrate that laser dots projected onto the fingers in order to emulate a 'touch' effect were processed differentially than the same stimuli projected directly above the fingers with the body position effectively unchanged. Although the stimuli were visual in nature the participants apparently interpreted the lasers as a corollary to a tactile stimulus. This may in part be due to neuronal populations which respond preferentially to visual input presented in spatial congruence with parts of the body (Graziano et al. 1994 (Graziano et al. , 2000 Graziano and Gross 1997; Graziano 1999; Maravita and Iriki 2004) , a mechanism which hypothetically enables the formation of body schema. In the case of our sustained attention task the lasers caused an interference effect when 'touching' the hands: participants were less accurate during this condition. Examination of the ERPs elicited in response to the stimuli yielded several crucial findings. At the early deflection latencies, amplitudes were consistently more negative when the stimuli fell on the fingers. These early sensory deflections typically index sensory processing and encoding (Näätänen and Picton 1987; Näätänen 1992 ). This increased negativity, particularly at the N1 latency range, indicates an overall enhancement of the stimuli when they fell upon the fingers. This finding parallels results of behavioral enhancement of actual tactile stimulation in the presence of congruent visual stimulation or during viewing of the limb (Spence et al. 1998; Kennett et al. 2001; Taylor-Clarke et al. 2002) . Along with stimuli projected onto the attended hand, stimuli projected onto the to-be-ignored hand were more enhanced as opposed to when they were projected above the fingers. This resulted in a smaller N1 difference between attended and unattended stimuli for either hand location for the On laser condition. The overall enhancement of stimuli falling on the fingers is particularly demonstrable at the P3 latency range. The P3 is usually elicited by infrequently presented stimuli in a recurring stimulus train and is indicative of short-term memory maintenance and updating (Picton 1992) . The first effect we observed in the P3 range was that of differences in amplitude at the onset latency. The P3 amplitude was significantly larger at the initiation of the P3 when targets fell on the fingers, barely breaching 1 lV for the Off laser condition. This suggests that the P3 was initiating earlier and more robustly for the On condition. The P3 amplitude for these targets continued to be enhanced in comparison to when the stimuli fell above the fingers. There was a significant enhancement of the P3 amplitude to target stimuli falling on the fingers during the peak latency range as well. The larger peak amplitude of the P3 to the attended targets falling on the fingers indicates that there may be a processing advantage for visual stimuli perceived as 'touching' the hand. Furthermore, at the late ongoing phase of this deflection after the peak, we observed a robust, longstanding positivity with a difference of approximately 3 lV when the lasers fell on the fingers as opposed to above them. The P3 deflection began its return to baseline much more rapidly for stimuli falling above the fingers and was maintained longer for stimuli falling on the fingers.
Although behavioral facilitation is often observed as a result of the visual enhancement effect (Spence et al. 1998; Kennett et al. 2001; Taylor-Clarke et al. 2002) , there are cases where viewing the source of a touch was observed to be disadvantageous, depending on the task conditions (Press et al. 2004 ). In the current study, participants were less accurate in responding to targets when the lasers fell on the fingers. At the early encoding N1 stage of processing, to-be-ignored stimuli were less suppressed for the On laser condition. This suggests that the stimuli falling on the fingers were difficult to ignore even when supposedly unattended. These stimuli apparently had an exogenous attention effect, drawing attention automatically. This may explain why participants were significantly less accurate in responding to targets when the lasers fell on the fingertips instead of directly above them: they were having difficulty filtering out the 'unattended' stimuli and thus had more potential responses to choose from.
Of note, we found that our ERP results were in part modulated by stimulus spatial location. Stimuli falling on the left fingers appeared to elicit a larger N1 than stimuli on the right. Also, unattended stimuli on the left hand were the least suppressed, creating a smaller difference between attended and unattended stimuli during the On condition for this location. In accordance with this, the amplitude of the P3 deflection was larger for left target stimuli falling on the fingers as well. These findings combine to suggest that participants had particular difficulty ignoring stimuli falling on their left hands. The explanation for this may be apparent in the interaction observed at the P3 peak amplitude between stimulus location and electrode cluster. Apparently, left spatial locations were processed bilaterally at left and right electrode sites while right locations were processed primarily at left sites. This is not inconsistent with the literature, which suggests that inter-hemispheric connections from right-to-left hemisphere during spatial location tasks have been observed to be stronger than leftto-right inter-hemispheric connections in these same tasks (for a review see Stephan et al. 2007 ). This is most likely due to right parietal hemispheric dominance in spatial processing. According to Stephan et al. (2007) , right parietal sources are likely to be involved in modulating the strength of cortical connectivity during spatial task performance.
Our findings indicate a twofold effect when it comes to visuo-haptic processing in peri-personal space. At the N1 latency, light flashes projected onto the hands were difficult to filter out even when supposedly 'unattended.' This observation appeared to coincide with decreased accuracy in task performance for the On laser condition. However at the later P3 latency, ERPs to target stimuli were enhanced when they fell on the finger tips as compared to above them. Within the attended channel these visuo-haptic stimuli falling on the fingers may cause some sort of enhancement to target processing due to an earlier P3 onset. However, no behavioral advantage was found as a result of this, possibly due to the decreased attention effect of the On laser condition at the earlier N1 stage. One of this study's limitations is that the stimuli were not actually visuo-tactile in nature and thus we cannot compare our results to what would happen if participants received actual tactile stimulation to their fingertips. Further testing is necessary to investigate and compare the results of a perceived 'touch' on the fingers using a projected laser dot against a true visuo-tactile stimulus.
Conclusion
We have demonstrated that laser dots projected onto the fingers appear to interfere with straightforward unimodal visual feature processing, perhaps due to the appearance that they are 'touching' the fingers. In the context of our sustained attention task, the stimuli projected onto the fingers during the unattended condition were more difficult to ignore than the stimuli projected above the finger tips. This may have predicated an interference effect, leading to deficits in response accuracy. technical assistance, preparing and testing participants, and recording EEG. This project was funded by the National Center for Research Resources (NCRR), National Institutes of Health (NIH), P20 RR020151.
